Although the upper limb is needed nearly for all commonly performed activities it is still one of the lesser studied parts of the human musculoskeletal system. In this work three musculoskeletal models of the upper limb, based on multibody formulations, are presented. The aim of this work is to compare the performance and applicability of three biomechanical models with different levels of complexity. The models are based on data published by Garner and Pandy [1, 2] and by the Delft Shoulder group [3, 4] . The simpler model (Model 1) is defined by 4 rigid bodiesthorax, humerus, ulna and radius -and three anatomical articulations -glenohumeral (GH), humeroulnar (HU) and radioulnar (RU). The remaining two are more complex and include 7 rigid bodies -thorax, rib cage, clavicle, scapula, humerus, ulna and radius -constrained by the sternoclavicular, acromioclavicular, scapulothoracic, GH, HU and RU articulations. The muscular system supporting the skeletal system is different for each of the biomechanical models: Model 1 is defined by 15 muscles modeled by 24 bundles and since the thorax, clavicle and scapula are considered as one body, all muscles between these are neglected; Model 2 is an extension of Model 1. The inclusion of the shoulder girdle leads to a total of 21 muscles modeled by 37 bundles; Model 3 uses the muscle data set published by the Delft Shoulder group. All data was scaled to our skeletal system making a total of 20 muscles modeled by 127 bundles. The muscle contraction dynamics is simulated by the Hill-type muscle model. Being the activation of each muscle unknown the whole problem of force sharing is redundant. This indeterminacy is overcome by an optimization technique applied through the minimization of an objective function related with muscle metabolic energy consumption. In models 2 and 3, while looking for the optimal solution, not only the equations of motion must be satisfied but also the stability of the glenohumeral and scapulothoracic joints must be assured. The input for the model analysis comprises the data for an abduction motion, kinematically consistent with the biomechanical models developed, acquired using video imaging at the Laboratory of Biomechanics of Lisbon. Taking into account that Model 1 is only applicable in a small range of motion all three models gave results consistent with the literature.
Introduction
The purpose of the upper extremity is to allow the hand to be placed in various positions to accomplish a multitude of tasks that are important in daily living. Efficiency of hand positioning is in large part achieved by the combined motion of the shoulder and elbow mechanisms, as depicted by Fig 1b. The shoulder is a very complex mechanism, which consists of the thorax, scapula, clavicle, and humerus and includes the sternoclavicular joint, acromioclavicular joint, glenohumeral joint and the scapulothoracic articulation. The glenohumeral joint, shown in detail in Fig 1a, also called shoulder joint, is particularly important as it displays the widest range of motion of all the joints in the human body; it is a ball-and-socket type of synovial joint that results from the articulation between the humeral head and the relatively shallow glenoid fossa of the scapula. The glenoid cavity accepts only little more than one third of the humeral head which, on one hand, is responsible for the freedom of the joint, but on the other hand, makes it naturally unstable [5] . The stability of the joint is highly reliant on static stabilizers (glenoid labrum, joint capsule, ligaments) and dynamic stabilizers (muscles). Nevertheless, the shoulder is more prone to dislocations and other pathologies than any other joint in the human body, and despite its importance, it is still one of the lesser studied parts of the human musculoskeletal system [6] . Estimation of muscle forces and joint reaction forces may provide an important insight into the shoulder biomechanics; understanding the different roles played by muscles allows one to predict the outcome of muscles deficiencies and investigate causes of joint instability. Direct measurements of muscles forces are generally not feasible though, so non-invasive methods based on musculoskeletal models and simulations are extensively used [8] . Areas such as orthopedics, ergonomics, sports science, medical rehabilitation, among others, can benefit from these tools to support traditional methods [9, 10] .
Over the last two decades, several musculoskeletal models of the upper limb have been presented [1, 2, 3, 4, 6] . One of the most notable contributions comes from the Delft Shoulder Group [3, 4] with extensive cadaver studies that led to one of the most complete datasets available in literature. These biomechanical models usually represent the different anatomical segments of the upper limb by a set of rigid bodies interconnected by ideal kinematic pairs; muscles are represented by origin to insertion connectors that may wrap around bones and other soft tissues. In most detailed musculoskeletal models, the number of muscles is larger than the available equations and thus the system is redundant. The problem of finding the internal forces that lead to a prescribed motion is addressed by an optimization problem that tries to find the muscles forces responsible for the target motion. The optimal solution depends upon a physiological criterion that tries to emulate the central nervous system behavior [11] .
The purpose of this work is to present biomechanical models of the upper limb based on multibody formulations with different complexity levels regarding the skeletal and musculoskeletal systems. Ideally, one seeks the most complex model possible but that also means more computational efforts without guaranteeing more realistic results. Comparison between the developed models contributes to a better understanding of the shoulder biomechanics by giving an insight of the role of skeletal and musculoskeletal modeling assumptions [8] .
Methods

Skeletal model
The skeletal model is based on data published by Garner and Pandy [1, 2] . The reference frames presented in [1] were changed to be in accordance with the standardization of the upper limb data proposed by the International Society of Biomechanics (ISB) [12] .
The simpler model (Model 1) is defined by 4 rigid bodies -thorax, humerus, ulna and radiusconstrained by 3 anatomical joints -glenohumeral joint (GH), humeroulnar joint (HU) and radioulnar joint (RU). In other words, the clavicle and scapula are stationary and considered as integrated part of the thorax. The remaining 2 models are similar as far as the skeletal system is concerned. They include 7 rigid bodies -thorax, rib cage, clavicle, scapula, humerus, ulna and radius -constrained by 5 anatomical joints -sternoclavicular joint (SC), acromioclavicular joint (AC), GH joint, HU joint and RU joint. The scapulothoracic articulation, though not a real anatomical joint, is modeled by two holonomic constraints that ensure the scapula to glide over the rib cage.
The SC, AC and GH joints are each modeled by a 3 degree-of-freedom spherical joint and the HU and RU joints by a 1 degree-of-freedom hinge joint. To overcome some deficiencies of the commonly used angular coordinates, we adopted the Euler parameters as orientational coordinates [13, 14] . Being each body defined by 7 coordinates, Model 1 is characterized by a generalized vector of coordinates of 28 entries and 23 kinematic constraints; the more complex models are defined by 49 coordinates and 40 kinematic constraints.
Musculoskeletal model
The musculoskeletal system supporting the skeletal system is of different complexity for the 3 models. The model includes 15 muscles modeled by 24 bundles, based on the data published by Garner and Pandy [2] . The muscle path is defined by the obstacle-set method [15] -additionally to via points, there are four types of obstacles to better describe the possible interaction of muscles with bones and other soft tissues.
The second model, Model 2 shown in Fig 2b, is an extension of Model 1 which uses the same data and defines the musculoskeletal system as Model 1 but includes all the muscles of the upper limb [2] . Overall, there are 21 muscles defined by 37 bundles. The musculoskeletal system of the last model, i.e., Model 3 shown in Fig 2c, is based on the muscle data set published by the Delft Shoulder Group. All muscle data, including origins and insertions coordinates as well as musculoskeletal parameters were scaled to our model. Although the muscle path is not as detailed as in Models 1 and 2, the number of bundles is significantly higher which may reproduce better muscles with broad origins or insertions. Model 3 is characterized by 20 muscles modeled by 127 bundles. In Table 1 the number of muscle bundles characterizing each muscle is presented in more detail for each model. The dynamics of muscle tissue can be divided into activation dynamics and muscle contraction dynamics. The activation dynamics is the process that describes the delay between the neural excitation and the effective activation of the muscle which leads to the force development [16] . In this work, only the muscle contraction dynamics is simulated. The muscle is defined by a Hill type muscle model that includes an active contractile element (CE) and a passive element (PE). The series elastic element (SEE), usually associated with cross-bridge stiffness, is not included in the model since it can be neglected in coordination studies not involving short-tendon actuators [9] . The muscle force results from the contribution of both passive and active elements:
The passive element represents the part of the muscle which one does not control and only depends on the muscle length t L m -if the muscle is stretched beyond its resting length, it will start to produce force. The contractile element depends upon the maximum isometric force of the muscle m F 0 , muscle length t L m , muscle contractile velocity t L m and activation t a m . Functions t F m L and t F m L describe the relationship force-length and force-velocity, respectively. A more detailed description of the muscle model is given in [17] . If muscle length and muscle contractile velocity are known over time, then the only unknowns are muscle activations. 
Inverse Dynamics
The muscle force sharing problem can be solved through inverse dynamic analysis and optimization tools. Application of the biomechanical model in the context of inverse dynamics analysis requires the kinematics of motion to be known [18, 19] . Moreover, the positions, velocities and accelerations must be consistent with the developed models, i. e., they must satisfy the kinematic constraints.
In this work an abduction motion from 13º to 109º degrees of arm amplitude was acquired at the Laboratory of Biomechanics of Lisbon using video imaging. Surface markers were placed at the upper limb landmarks, as proposed by the ISB [12] , to define the reference frames for each body over time, implied in Fig 3. The clavicle only has two palpable landmarks so the axial rotation of the clavicle cannot be determined through non-invasive measurements. Following the work of Van Der Helm and Pronk [20] , the axial rotation of the clavicle is estimated by minimizing the AC joint rotations. The scapula, despite having 3 palpable bony landmarks, does not allow an accurate tracking through the use of surface markers because of the underlying soft tissues -the displacement between the marker and the corresponding anatomical mark can be as large as 2 cm [21, 22] . The most accurate method to track the scapula is to use a scapula locator. However this method is too time consuming as it is based on quasistatic positions and, for each position, the scapula locator needs to be adjusted. For that reason, we chose to track the scapula dynamically through the use of a recently proposed methodology that allows accurate enough analysis up to 120º of arm amplitude [23] . As mentioned before, the acquired motion needs to be consistent with the biomechanical model. In kinematically non-consistent systems, spurious reactions forces arise from the constraint violations [18] . The motion of a system of n bodies constrained by m kinematic joints is kinematically consistent when: 
where q , q and q is the vector of generalized coordinates, velocities and accelerations, respectively; t is the time variable; and q represent the global constraint vector and the Jacobian matrix of the constraints; and, and represent the right-hand sides of the velocity and acceleration equations. Using the non-consistent positions from the laboratory, the orientation of each body is defined and applied to the biomechanical model without violating the joint constraints -starting at the thorax, which is stationary, the SC joint center is defined; knowing the SC joint center and the clavicle orientation, obtained from the laboratory data, the distal joint center of the clavicle (AC joint center) can be defined; the AC joint center, along with the scapula orientation, is then used to define the GH joint center. This procedure is repeated for all bodies of the upper limb. The change in position of the joints centers and other bony landmarks over time is defined as kinematic driver constraints that are used in a Newton-Raphson iterative scheme to calculate a new set of consistent positions, velocities and accelerations. The procedure is explained in more detail in [18] .
The equations of motion for a constrained system are given by
where M is the mass matrix of the system, including the mass and moment of inertia; is the Lagrange multipliers vector, related to the kinematic and guiding constraints of the biomechanical model; and g is the vector of generalized external forces.
The muscle contribution to the equations of motion is taken into account in two different ways. Since the motion is known, muscle length is known over time so one can calculate the contribution from the passive element. Consequently, the forces produced by this part of the muscle are treated as external forces and are added to vector g. The contractile element contribution depends upon muscle activations, which are unknown. In order to calculate these, each muscle has a kinematic driver constraint associated with its contractile element in which the distance between two generic points, of different rigid bodies, is constrained to change according to a specified length change history previously defined based on the laboratory acquired data [17] . Considering a two point muscle actuator, with an origin p located at body i and an insertion s located at body j, the constraint equation and its partial derivatives are given by 
where r p and r s are respectively the global position vectors of the origin and insertion points and m L t the total muscle length at time t. Clearly, the partial derivatives of the muscle actuator constraint with respect to the vector of generalized coordinates of the rigid bodies i and j denote the direction of the muscle force at the origin and insertion. The physical meaning of the Lagrange multipliers associated to each muscle actuator may be of muscle force or muscle activation depending upon a scalar factor. As the contribution for the Jacobian matrix of the muscle actuator constraint reflects the direction of the muscle force, if no scalar factor is considered then the Lagrange multiplier represents muscle force; given the expression of the contractile element force in Eq 1, the Lagrange multiplier represents muscle activation if the contribution of each muscle actuator is multiplied by
In this work, the Lagrange multipliers are considered activations. This fact brings some advantages into the optimization procedure since the design variables are limited to be in the range 0 to 1 [11] . Muscle actuators defined by more than two points are treated as a sum of several two-point muscle actuators. For instance, a muscle defined by an origin p, a via point v and an insertion s, is taken into account as the sum of the two-point muscle actuator from the origin p to the via point v and the two-point muscle actuator from the via point v to the insertion s. Assuming that any muscle must present from its origin to its insertion a constant force per unit length, each one of these segments must present the same Lagrange multiplier. For a more detailed explanation of this procedure the interested reader is referred to [17] .
Being muscle activations unknown the problem described by Eq 3 is indeterminate as the number of unknowns is larger than the number of equations. The human muscle system is highly redundant and more than one muscle can guide the same degree-of-freedom [9] -this assures that even when suffering from some muscular debility, it is still possible to accomplish the same tasks.
The muscle force sharing problem is addressed by seeking the solution that minimizes a biological relevant criterion. The appropriate criterion to use depends on several aspects such as the type of motion under analysis, the objectives to achieve or the presence of any type of pathology [9] . In this analysis, the selected objective is to minimize muscle energy consumption. This criterion, presented by Praagman et al. [24] , is related to the two most energy-consuming processes in the muscle and showed better results than the most commonly used muscle stress criterion. Considering the muscle as instantaneously available actuators, whose force only depends on the current activations levels, the optimization can be independently performed at each instant of time [25] .
The optimization problem is described as minimizing muscle metabolic energy consumption while satisfying the equations of motion and the activations side constraints defined between 0, for the no activation state, and 1, for the full activation state. Additionally in models 2 and 3, the GH and ST joints stability must never be compromised. The ST joint stability constraint states that the reaction forces at the joint must be compressive, i. e., the scapula has to be pushed against the thorax. The constraint over the GH joint prevents the joint from dislocating -8 directions are defined at the glenoid and in each of these directions the ratio between the shear and compressive components of the joint reaction force must be below a defined threshold [26] . Fig 4 shows the directions at the glenoid and the shoulder dislocation thresholds. The Delft Shoulder group constrained the GH joint by imposing the projection of the reaction force onto the glenoid plane to be within the glenoid which was defined by an ellipse [27] . Although this requirement is not considered here as a constraint in the optimization process, at the end of the analysis the model checks if for all time steps the projection of the GH joint reaction force was indeed inside the glenoid. Mathematically, the optimization problem is formulated as . 0
where V i is the volume, i CE F the contractile element force, PCSA i the cross-sectional area and a i the activation for muscle i, in a total of m muscles. Variables c 1 , c 2 and c 3 are weighting factors defined according to [24] . Regarding the GH joint stability constraint, GH i s F , is the shear reaction force in the ith glenoid direction and GH c F the compressive reaction force at the GH joint; S i represents the directional force ratio thresholds presented in Fig 4. In the ST joint stability constraint, ST F stands for the ST reaction force and ST c n for the unitary vector that defines the direction of compression between the scapula and thorax.
The size of the optimization problem is proportional to the complexity of the biomechanical model: Model 1 is defined by 43 design variables (since the joint reaction forces are also defined as design variables), 24 equality constraints and 24 boundary constraints; Model 2 is defined by 70 design variables and 42 equality, 6 inequality and 37 boundary constraints; and Model 3 is defined by 161 design variables and 42 equality, 6 inequality and 128 boundary constraints.
Results
Figs 5, 6 and 7 show the muscles forces estimated by the biomechanical models 1, 2 and 3, respectively, for the muscles crossing the SC, AC and GH joints. Each plot displays the total force produced by the muscle, that is, the contribution from both the contractile and passive elements, by a solid line and the contribution from only the contractile element by a dashed line. The muscle bundles from Models 1 and 2 are flagged in accordance with the definition adopted for the Model 3, regardless of the muscle being from cranial to caudal (serratus anterior and trapezius), lateral to medial (deltoid clavicular) or medial to lateral (deltoid scapular). Muscles generating less than 1 N of force are hardly active and thus are not shown. Model 1 does not consider the scapulothoracic articulation which is important for the shoulder rhythm. Clearly, this model can only be applied in a low range of motion, when the scapula does not contribute much to the shoulder motion, based on the translation of the GH joint. This model is applied here for a range of the arm elevation between 13º and 46º. Despite its simplicity, the results highlight the supraspinatus muscle as the most active muscle. This muscle is responsible for starting the abduction motion and its activity is most important in the first 30º so the model, even being so simple, agrees with the literature [28, 29] . After about 35º of arm amplitude, the teres minor and infraspinatus muscles start to produce a large amount of passive force which may mean that this model is not applicable in the full range of motion considered. Since the scapula does not move, the muscles going from it to the humerus start to stretch beyond their optimal length and thus the large passive force seen after 35º of arm amplitude.
Although Model 2 has a lower number of muscles bundles than Model 3, which is clearly a disadvantage, it has the advantage of including more via points and obstacles to define each muscle path and thus be more accurate representing muscles moment arms. In this motion, the results yielded by both models are very similar. The serratus anterior and trapezius muscles are responsible for stabilizing the scapula over the thorax and rotating the glenoid upwardly during abduction [29] . Both models predict high activity for these muscles though there are some slight differences regarding the trapezius muscle, in particular, the clavicular part -in Model 3, it produces a large force at the beginning which decreases over time, while in Model 2 it is almost constant over time. The deltoid muscle is a strong abductor, especially between 30º and 120º [29] . In Model 2 the medial part of the deltoid is highly active which agrees with the literature. However, the remaining bundles do not show much activity although it was expected. In Model 3, all the bundles from the deltoid are highly active.
Even though both models predicted, as expected, high activity for the supraspinatus muscle, in Model 2 there is a sudden decrease in its force. This decrease may be a consequence of the sudden increase seen in the infraspinatus muscle force which may result from the low number of bundles modeling this muscle. The infraspinatus muscle is characterized by a broad origin and thus one bundle may not be enough to model its correct behavior. In Model 3, the infraspinatus is defined by 6 bundles that show a rather uniform force over time, clearly different than Model 2.
The GH joint reaction force is presented for the 3 models in Fig 8. Comparing models 1 and 2 until 35º of arm amplitude shows very similar reaction forces. This result supports that a simpler model can indeed be applicable depending on the range of motion. The reaction forces from models 2 and 3 are slightly shifted by 50-100 N but the pattern is similar -the GH joint increases with arm amplitude. Both models are in close agreement with the results obtained by the Delft Shoulder group using the same optimization criterion [30] . After 100º the reaction force in the Model 2 starts to decrease; nonetheless, the same is verified by the Delft Shoulder group and the Newcastle Shoulder model [6] .
Summary and conclusions
This work presents three biomechanical models of the upper limb with different levels of complexity. The simpler model considers the scapula and clavicle fixed to the thorax so it is defined by less bodies and muscles. Nevertheless, the model showed good results until 35º. Models 2 and 3 are more complex. The shoulder girdle is included and the scapulothoracic articulation is modeled by two holonomic constraints that ensure the scapula to glide over the thorax. Regarding the musculoskeletal system, each has its advantages and disadvantages -Model 2 defines the muscle path more accurately while Model 3 has a considerably higher number of muscle bundles that may simulate better the muscle function. The results yielded by both models were very similar and were overall in agreement with the literature.
It must be noted, though, that the motion in analysis is a very simple and standard. For more complex motions, the low number of bundles in the Model 2 may become critical as unexpected moments may arise from the activity of a muscle whose function is not well enough reproduced. In this case, additional assistance is required from other muscles that would otherwise be inactive or less active. Ultimately, there may not be a feasible solution for the muscle force sharing problem. Consequently, one might conclude that the Model 3 is more robust and capable of dealing with more complex motions but in simpler tasks Model 1 can be used with the advantage of its computational simplicity. Model 2, being simpler than the more complex Model 3 has the computational efficiency and the detail necessary for a very wide range of motion and can be considered as a first choice for the type of tasks illustrated in this work.. Fig. 8 . GH joint reaction force for the 3 biomechanical models developed.
